attB-rev-ES-bot 5'-AATTCCCGCGGTGCGGGTGCCAGGGCGTGCCCTTGGGCTCCCCGGGC GCGTACTCCACCTGAGCT -3'
S1.1.2 Experiments to test the stability of integrase
To test the stability of integrase in recombination reaction buffer, proteins (4 µM integrase, or 4 µM integrase plus 8 µM RDF, in protein dilution buffer) were diluted 10-fold into reaction buffer and pre-incubated for up to 3 hours without DNA (Fig. S5A,B) . Reaction volumes were typically 10 µl per time-point, and the final buffer composition for pre-incubation reactions was 27.5 mM Tris·HCl pH 7.5, 2.5 mM spermidine, 125 mM NaCl, 100 µM DTT, 5% glycerol, and 50 µg/ml BSA. Mixtures were incubated at 30 °C for different times before taking 9 µl aliquots and adding 1 µl of pPB or pLR substrate plasmid (final DNA concentration 10 nM). Mixtures were incubated for a further 3 hours at 30 °C to allow recombination, and then heated to 80 °C for 10 minutes to stop recombination. Reactions were analysed by restriction enzyme digestion with EcoRI and KpnI, followed by agarose gel electrophoresis, as described in the main text.
Integrase, or integrase plus RDF, were also pre-incubated for different lengths of time with plasmid DNA (10 nM) containing no (p0), or just one (pP or pB) recombination site ( Fig. S5D ). Proteins were diluted 1/10 as above, but into recombination buffer containing 10 nM plasmid DNA, and then incubated at 30 °C for different times. After pre-incubation, intermolecular recombination was initiated by adding 10 nM plasmid DNA containing the other att site (pP or pB), or for reactions containing p0 or no DNA, by adding 10 nM each of pP and pB. Recombination was allowed to proceed for a further 3 hours at 30 °C. Reactions were then stopped by heating to 80 °C, and analysed by restriction enzyme digestion with EcoRI followed by agarose gel electrophoresis.
Plasmid p0 (2476 bp) was constructed by ligating annealed MCS-top and MCS-bot oligonucleotides between the NgoMIV and XhoI sites of pMTL23 (1). Plasmid pP was then constructed by ligating annealed attP-ES-top and attP-ES-bot oligonucleotides between
EcoRI and SacI sites of p0, while pB was constructed in an identical fashion using attB-rev-
ES-top and attB-rev-ES-bot oligonucleotides. Intermolecular recombination between pP
(2523 bp) and pB (2525 bp) yields a 5048 bp product that is cleaved by EcoRI to give fragments of 4987 bp and 61 bp (Fig. S5C ).
S1.2 Modelling

S1.2.1 Model 1 description
The kinetics of reactions of φC31 integrase and its RDF gp3 (Fig. 1C) (1) 
The variables are defined as follows: The observed inhibition of the P × B (-RDF) reaction by integrase concentrations higher than 200 nM (Fig. 4B) was described through the binding of additional integrase dimers to att sites which are already occupied by integrase dimers (hypothetically forming integrase tetramers by protein-protein interactions, preventing synapse formation with another att site already bound by an integrase dimer) (Fig. S2C) . This results in the formation of nonproductive complexes PB-int6 i , PB-int6-rdf i , PB-int6-rdf2 i , PB-int6-rdf3 i , PB-int6-rdf4 i at high integrase concentrations. We considered only inactivation of PB sites by excess integrase for simplicity (this was sufficient to describe the data) (Fig. 4, Fig.7 ). The unit of concentration is µM, and the unit of time is a minute. All simulations on plasmid DNA used a total DNA concentration of 10 nM, while integrase and RDF concentrations were varied as indicated in the figure legends.
The parameters k +n , k -n stand for the forward and reverse rate constants of step "n", with the forward direction from pPB towards pLR in the P × B (-RDF) reaction and from pLR towards pPB in the L × R (+RDF) reaction.
For each step, the equilibrium constant is defined as the ratio of forward to reverse rate constants: K eq_n =k +n / k -n . For DNA binding steps, it is convenient to consider dissociation constands K d , where K d = K eq for steps b2 and b4, but 1/ K eq for steps b1 and b3. The equilibrium constants of recombination steps r1 and r2 are assumed to be equal (
The parameter values for all steps are shown in Table S1 . This includes equilibrium constants for integrase (or integrase-RDF) binding to DNA (K b1 , K b3 ) and dissociation from DNA (K b2 , K b4 ); formation (K s1 , K s3 ) and dissociation of synapses (K s2 , K s4 ); recombination (K r ) and conformational changes in product synapses (K mod , K modr ). Table S1 also includes dissociation constants of binding of two integrase molecules (with or without RDF) in solution (K ii ) (Fig. S2A) ; formation of integrase-RDF complexes (K ir ) (Fig. S2A) ; unproductive binding of integrase dimers to DNA at high integrase concentrations (K i ) ( S2B ). The rate constants for integrase (or integrase-RDF) binding to DNA were assumed to be equal for steps b1, b3, b4, while the rate constant of integrase binding to LR was reduced to account for the observed delay in the L × R (+RDF) reaction after premixture of the pLR substrate with integrase (2). The rate constants for formation of the product synapses (steps s2 and s4) were assumed to be low, as described in the Results section. The values of all parameters were chosen to fit existing data and our new data (Fig. 4 , Table S4 ). Most parameters are uniquely constrained by the observed system properties. In particular, the affinities of binding of integrase with or without RDF to DNA (1/K b1 , K b2 , 1/K b3 , K b4 , see Table S1 ) are constrained by the observed dependence of reaction yields (the final % of reaction product) on integrase and RDF concentrations ( The conservation of energy during conversion of PB to LR and LR to PB constrains the parameter ranges as discussed in Results. In particular, conservation of energy requires that multiplication of all equilibrium constants (in the same direction) is equal to 1 for both -RDF and +RDF reactions (Fig. 1 ). These conditions result in the following constraints on the range of possible parameter values:
Here we assumed that unbound pPB and pLR have the same free energy as discussed in the main text. The squares for integrase binding terms are related to two sequential bindings of integrase dimers or int2-rdf2 complexes (see scheme above). For the simulations shown in Supplementary Fig. S3 and S4, where the equilibrium constants of the recombination or modification steps were increased, the equilibrium constants of de-synapsis (K s2 or K s4 ) were correspondingly decreased, to conserve the total energy changes. The Matlab code of Model 1 is presented at the end of Supplementary Materials.
S1.2.2 Model 1, modified for linear DNA substrates
The reaction scheme is shown in Fig. S1 . The main difference between the models with plasmid and linear substrates is that for the plasmid reactions, intramolecular synapse formation is described by first order kinetics (Fig. 1C) , whereas for reactions with linear DNA substrates, each containing one att site, intermolecular synapse formation has second order kinetics (Fig. S1 ). The kinetics of the reaction scheme with linear substrates is described with the following system of ODEs:
Parameter values for reactions with linear DNA were chosen to fit our data (Fig. 7) and are presented in supplementary table S2. The relationships between parameters satisfy the energy conservation equations, similarly to the plasmid system:
S1.2.3 Model 0 description
The kinetics of Model 0 for plasmid substrates (Fig. 1C) , which was used in the development of Model 1, are described by the following system of ODEs: 
The parameter values were chosen to fit the data for the permitted reactions (Fig. 5 ).
The equations for the conservation of energies during conversion of PB to LR and LR to PB are:
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